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R1076primary production and DVM will 
have less of an opportunity to move 
carbon downwards. Conversely, in 
the Arctic, where sea-ice reduction 
is continuing apace, changes in 
the underwater light environment 
brought about by the loss of ice 
may increase DVM, with potential 
consequences for ocean–atmosphere 
exchange and fisheries production. 
Photosynthesis will increase in 
warmer, illuminated ice-free waters. 
More primary production will support 
more grazing zooplankton, which will 
undertake more vertically extensive 
diel migrations to avoid the better-
illuminated surface zone. This will 
transport fixed carbon deeper into the 
ocean interior, removing it from the 
atmosphere for longer in a climatically 
beneficial negative feedback loop. 
Greater abundances of zooplankton 
will support larger stocks of 
commercially targeted plankton-eating
fish. Because of the many biophysical 
interactions, the net consequence 
for DVM and associated processes 
of a changing climate is clouded in 
uncertainty.
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Synapses are specialized asymmetric 
cell–cell connections permitting the 
controlled transfer of an electrical 
or chemical signal between a 
presynaptic neuronal cell and a 
postsynaptic target cell (e.g. neuron 
or muscle). Adequate synapse 
function is an essential prerequisite 
of all neuronal processing, including 
higher cognitive functions, such as 
learning and memory. At synapses, 
neurotransmitters (e.g. amino acids, 
amines, peptides, and acetylcholine) 
are released from synaptic vesicles 
into the synaptic cleft in response 
to action potentials. The Nobel Prize 
for Physiology and Medicine in 2013 
was awarded to James E. Rothman, 
Randy W. Schekman and Thomas C. 
Südhof “for their discoveries of the 
machinery regulating vesicle traffic, a 
major transport system in our cells”. 
This included crucial revelations, 
such as the identification of the core 
machinery of synaptic vesicle fusion. 
However, in contrast to the advances 
concerning the organization of 
the core functions of the synapse, 
our current understanding 
of the processes of synapse 
formation and maintenance — i.e. 
‘synaptogenesis’ — is still somewhat 
fragmentary. Here, we will outline the 
current status and future directions 
of the field of synaptogenesis, 
primarily from the perspective of the 
presynaptic release site. 
Molecular organization of the 
presynaptic release site
The site of synaptic vesicle fusion 
and neurotransmitter release is 
called the ‘active zone’. Active 
zones were first described and 
explored by electron microscopy 
due to their small size (maximally 
300 nm). Electron-dense structures 
decorating the active zones were 
observed and later identified 
as scaffold protein matrices. It 
was suggested that this scaffold 
provides docking and tethering sites 
for synaptic vesicles in order to 
facilitate the synaptic vesicle cycle, 
that is, the coordinated exocytosis 
Primer and endocytosis cycle of synaptic vesicles involved in neurotransmitter 
release. At the same time, active 
zones exhibit a surprisingly diverse 
architecture, both among species 
and between synapses involving 
different types of neurons. Obviously, 
this structural diversity must reflect 
differences in functional requirements 
regarding synapse type, tissue and 
developmental state. 
Synapses are ‘evolutionarily 
old’ structures, however, with 
many synaptic proteins present in 
unicellular protists. Accordingly, 
the degree of conservation of the 
molecular machinery is exceedingly 
high, and functional and structural 
principles of these synapse types 
can be investigated effectively 
in model organisms, such as 
Drosophila and Caenorhabditis 
elegans. A joint effort over the 
last few years bridging vertebrate 
and invertebrate model organisms 
has revealed that the active zone, 
especially the membrane-proximal 
core, is composed of members of 
a conserved set of protein families: 
ELKS/CAST (glutamic acid (E), 
leucine (L), lysine (K), and serine 
(S)-rich protein (ELKS)/cytomatrix 
at the active zone (CAZ)-associated 
structural proteins (CAST)); RIM 
(Rab3-interacting molecule); RIM-
binding protein (RIM-BP); and, finally, 
the liprin-a/SYD-2 (synapse-defective 
2) and potentially SYD-1 family 
(Figure 1). The core proteins interact 
with each other via conserved 
strings of coiled-coil, SH3, SAM, 
and PDZ domains. Additionally, 
they form oligomers, and the 
multiplicity of interactions is a likely 
basis for the avidity and tenacity of 
these scaffolds, but also results in 
redundancy issues that complicate 
the genetic analysis of synapses.
How these scaffold proteins 
functionally interact with the core 
release machinery, apart from their 
‘structural’ role, remains a major 
question. It is worth noting that the 
exact physical distance between 
presynaptic Ca2+ channels and 
the Ca2+ sensors residing within 
the synaptic vesicle membrane is 
a key determinant of the signaling 
properties of a synapse. Transmitter 
release is triggered by a small number 
of Ca2+ channels that are coupled to 
the synaptic vesicle Ca2+ sensors at 
a nanometer scale. Importantly, RIM, 
RIM-BP and probably CAST/ ELKS 
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Figure 1. Active zone architecture. 
A scheme showing the major molecular components of the presynaptic active zone. Protein do-
mains (see key) and important protein–protein interactions are depicted. The scaffolding proteins 
(ELKS/BRP, RIM, and RIM-BP) control the tight coupling of Ca2+ influx through the Ca2+ channels 
and the fusion of the synaptic vesicles via the complex of fusion proteins (SYT-1, UNC-13, UNC-
18, SNAP-25, syntaxin, and synaptobrevin). The scaffolding proteins probably create bays for 
synaptic vesicle fusion and allow for a tight regulation of presynaptic release.family proteins connect directly 
to Ca2+ channel complexes by a 
set of highly conserved interfaces. 
These interactions are essential not 
only for stabilizing Ca2+ channels 
at active zone membranes, but 
also for organizing ‘nanodomain 
coupling’ (see Südhof (2012) and 
Eggermann et al. (2012)): placement 
of the vesicle close to the Ca2+ 
channel increases the efficacy and 
speed of synaptic transmission. In 
this context, recent analysis using 
both electron tomography and 
super-resolution light microscopy 
has revealed the presence of ‘bays’ 
for synaptic vesicle docking to the 
active zone membrane, where the 
vesicles are probably prepared 
for release. The scaffold provides 
‘bays’, at least transiently, for the 
clustering of essential components 
of the fusion machinery, such as 
the SNARE (SNAP (soluble NSF 
attachment protein) receptor) proteins
and potentially also UNC-18 and 
UNC-13 proteins. Biochemical details 
of how the scaffold components 
interact with the fusion machinery 
within these bays will have to be 
investigated in the years to come. 
Two non-exclusive hypotheses 
concerning the core function of the 
scaffold are currently the subject of 
intense investigation: first, the role of 
scaffold-release factor interactions 
has been proposed to be restricted 
to sequester and concentrate the 
release machinery; second, it has 
been hypothesised that scaffold 
inputs are integrated to fine-tune 
neurotransmitter release in response 
to Ca2+ channel activity. Importantly, 
analyses from electron tomography 
(on vertebrate neuromuscular 
synapses) and super-resolution light 
microscopy analysis (on Drosophila 
neuromuscular synapses) are in 
agreement that scaffold complexes 
form directly on top of the Ca2+ 
channel clusters. Fusion bays 
might, therefore, be positioned just 
adjacent to the Ca2+ channel clusters 
(Figure 1). 
In summary, the last few years 
of research have led to the idea 
that a conserved protein landscape 
has evolved to allow for amazingly 
fast and highly controlled synaptic 
communication. These proteins 
influence the elaborate and complex 
input–output relationship encoded 
in the dynamic features of synapses 
and, most notably, their short-term plasticity. These changes in neuron–
neuron communication over time 
influence information aquisition and 
storage. Consequently, neurons have 
to tightly control the assembly of 
active zones and coordinate their 
local assembly and maintenance with 
postsynaptic assembly as well as 
overall maturation and development 
of the synapses. Therefore, we 
now return to the starting point 
and discuss the earliest steps of 
synaptogenesis. 
How to start: forming  
presynaptic–postsynaptic contacts 
Formation of new synapses occurs 
throughout the lifetime of an 
organism, but, for obvious reasons, 
is particularly prominent during the 
early development of the nervous 
system. During the initial phase of 
synapse formation, presynaptic and 
postsynaptic membranes have to 
be identified and matched, and an 
initial contact has to be formed and stabilized (Figure 2). Recent work 
has shown that neurons use a rather 
diverse set of membrane proteins 
and pathways to guide and control 
the initiation of synapse formation. 
These transmembrane proteins are 
members of the large group of cell 
adhesion molecules (CAMs), which 
includes different subclasses, the 
most important of which are: synaptic 
cell adhesion molecules (SynCAMs) 
as a subgroup of the immunoglobulin 
superfamily CAMs; cadherins and 
other structurally unrelated proteins, 
such as teneurins; epidermal growth 
factor (EGF) repeat containing 
transmembrane proteins; the 
neurexin–neuroligin pairs; the leucine-
rich-repeat transmembrane neuronal 
protein family; and Eph–ephrins. 
Many of these early synaptogenic 
proteins have additional roles in axon 
branching and pathfinding. 
Given the conserved nature 
of presynaptic scaffold core 
components, the diversity of 
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location of synapse assembly is, 
at least at first glance, surprising. 
However, it should be considered 
that evolution of the actual synaptic 
machinery predated many aspects 
of neuronal diversification. Thus, the 
assembly of the active zone core 
scaffold had to be integrated into 
the context of the new circuits and 
neuron types that were evolving. 
Moreover, during the establishment 
of principal connectivity, axons and 
dendrites often meet in a ‘crowded 
environment’ where delicate choices 
of which axon type forms synapses 
to which dendrite class have to 
be made. One presynaptic neuron 
could even form different synapse 
types with different postsynaptic 
target cells. Thus, locally secreted 
presynaptic molecules might instruct 
the formation of the proper synapse 
types. Interestingly, self-avoidance — 
organized by an enormous diversity 
of splice isoforms of cell adhesion 
proteins, such as DSCAMs (Down 
syndrome cell adhesion molecules), 
which have been particularly 
well-described in Drosophila, and 
protocadherins in rodents — also 
seems important here. More than 
38,000 isoforms of DSCAMs are 
expressed in Drosophila due to 
extensive combinatorial alternative 
splicing. Their composition on the 
cell surfaces confers a unique genetic 
identity to a given neuronal cell. Self-
avoidance of the axon and dendrite 
of the same neuron is achieved by 
contact-mediated repulsion, initiated 
by homophilic binding of identical 
DSCAMs on the neuron’s surface. 
Whether the sets of presynaptic 
and postsynaptic transmembrane 
interacting proteins are usually similar 
is an interesting question. 
Positive synaptogenic cues 
are needed, however, for the 
establishment of functional 
transsynaptic communication 
to guide synapse assembly. The 
best characterized of these cues 
is the heterophilic dimer formed 
by presynaptic neurexin and 
postsynaptic neuroligin. Both 
transmembrane proteins interact 
via their extracellular domains in the 
synaptic cleft, while their cytoplasmic 
regions contain PDZ-binding domains 
that interact with PDZ-domain-
containing synaptic proteins, such 
as CASK for neurexin and PSD95 for 
neuroligin. As an exception to the idea that 
the initiation of synapse assembly 
is organized in a parallel, and thus 
genetically redundant, fashion, 
formation of the HSN neuromuscular 
synapses in C. elegans, seems to 
depend strictly on a heterodimeric, 
transsynaptic interaction between 
two cell adhesion molecules, SYG-
1/SYG-2. The efficacy of synapse 
formation correlates with the affinity 
of the heterophilic complex, which 
appears to be tuned for proper 
function. It will be interesting to 
see whether the specific molecular 
features of a given transsynaptic 
contact might directly instruct 
details of the active zone scaffold 
architecture. Consistent with such an 
idea, the identity of the postsynaptic 
neuron can control release site 
features in the mammalian cortex. 
Cortical neurons of rodents have 
been shown to build functionally and 
structurally divergent presynaptic 
release sites dependent on the 
postsynaptic partners.
Synaptic assembly and diseases
Evidence has accumulated over 
recent years that subtle deficits in 
the basic molecular and genetic 
set-up of synapses can cause 
diseases of the nervous system, 
while leaving the overall synaptic 
connectivity untouched. Therefore, 
a detailed understanding of the 
proteins and pathways involved is 
of crucial interest. Several adhesion 
molecules that span the synaptic 
cleft have been associated with 
different cognitive diseases, e.g. 
the neurexin/neuroligin cluster 
with autism spectrum disorders, 
schizophrenia and Tourette’s 
syndrome. The fact that the same 
synaptic protein modules appear 
in several psychiatric diseases 
points towards commonalities in 
the pathological scenarios at the 
synapse. To date, it remains unclear 
how these different diseases are 
functionally or molecularly related 
to each other. The question has 
been raised whether autism can be 
defined as a qualitatively distinct 
disease or whether it is at one 
end of a spectrum of cognitive 
diseases caused by dysfunctional 
transsynaptic transmission (see 
Südhof, 2008). Several mutations in 
neurexin-1 have been discovered 
in patients with autism spectrum 
disorders. While mammals have only three nrx genes, up to 3,000 splice 
variants are predicted to arise as a 
result of two alternative promoters 
and five alternatively spliced 
segments. Nrx knockout mice 
lacking some of the splice variants 
show impaired synapse function, 
while synapse ultrastructure and 
numbers seemed essentially 
unaltered. Autism-associated 
mutations have been identified 
in neuroligin-3 and -4 in human 
patients. 
In summary, at first glance, subtle 
defects in the tightly balanced 
physiological and structural state 
of synapse populations have 
overall drastic consequences for 
the behavior-generating circuits 
and, ultimately, the entire organism. 
Although the exact mechanism clearly 
remains to be further investigated, 
appropriate transsynaptic signaling 
might well be a key regulator of 
synapse formation and function. 
Assembly and maintenance of 
presynaptic active zone scaffolds
Following the establishment 
of transsynaptic contact and 
communication, active zone scaffold 
material then has to accumulate at 
putative sites of synaptogenesis. 
Currently, comparatively little 
is known about the transport of 
active zone precursor material 
(and components of the release 
machinery, including Ca2+ channels) 
along the axon and how this feeds 
into the active zone assembly 
process. In the early 2000s, Golgi-
derived transport packages, so-
called PTVs (Piccolo-Bassoon 
transport vesicles) (Figure 2), 
were proposed to operate as 
preassembled units of material, 
but this idea has been challenged 
in the last few years. Although it 
is an attractive theory, identifying 
PTV-unique components in order 
to subject the theory to rigorous 
genetic analysis would be needed as 
an ultimate proof. 
Regarding the process of active 
zone assembly, the question arises 
as to how such a diverse code of 
upstream signals converges into 
the recruitment of an identical set 
of active scaffold components 
throughout all types of synapses. 
Cytoskeletal components, most 
notably F-actin, might form initial 
cues to confer some avidity to 
nascent scaffolds and provide a 
Magazine
R1079
Current Biology
Synaptic vesicle
Microtubules
PDZ domain
GAP domain
SAM domain
CC domain
GluR
Glutamate
C2 domain
Postsynapse
CAMs
Presynapse
PrecursorReversal
complex
Upstream
signals PTV
SYD-1
SYD-2
NRX
NLG 
Point of
no return
Rec
ruitme
nt of
 AZ
 proteins
Recruitment of recep
tors
Figure 2. Temporal sequence of synapse formation. 
Cell adhesion molecules (CAMs) function as upstream signals to establish the first cell–cell con-
tact. Complexes of SYD-1 and SYD-2/liprin-a are stabilized when in contact with presynaptic 
neurexin, which, in turn, couples to postsynaptic assembly via neuroligin binding. Having passed 
this checkpoint, irreversible synapse maturation involves the further recruitment of presynaptic 
components (i.e. scaffolding proteins such as ELKS/BRP) and postsynaptic components (i.e. 
important neurotransmitter receptors). Precursors might be transported along microtubules via 
PTVs (Piccolo-Bassoon transport vesicles) to deliver packages of presynaptic material.convergence point for the differential 
signals from the cell surface to the 
assembly complex. F-actin and its 
regulatory proteins are an intriguing 
candidate for this task because 
they possess the combinatorial 
ability to interact with cell-surface 
proteins (e.g. cadherins, and axon 
guidance molecules) and with 
active zone proteins — for example, 
Piccolo interacts with the actin-
polymerization regulator profilin, thus 
enabling coordinated communication 
between both protein complexes. 
A further prominent example at 
C. elegans HSN synapses is the 
presynaptic scaffold protein neurabin 
(also known as spinophilin), which 
is important for synapse assembly 
and was shown to bind to F-actin 
patches and, in turn, to recruit further 
active zone proteins. F-actin was 
further found to be important for 
the stabilization of nascent active 
zones in mammalian hippocampal 
synapses. Finally, the F-actin 
cytoskeleton might also connect 
synapse formation with the axon 
branching needed to facilitate the 
effective formation of additional 
synapses. 
Are there direct links between 
transsynaptic CAM pairs and 
active zone scaffold components? 
At Drosophila and C. elegans 
neuromuscular synapses, SYD-1 
and SYD-2/liprin-a accumulate and 
are important for the early scaffold 
assembly (Figure 2). Both proteins 
therefore are found in common 
complexes, which are not necessarily 
stable but — at least at synapses 
of the Drosophila neuromuscular 
junction — depend on the direct 
binding of SYD-1 to the carboxyl 
terminus of neurexin. Clustering 
of neurexin in turn instructs 
postsynaptic neuroligin to trigger 
the assembly of the postsynaptic 
density scaffold. In summary, 
cytoplasmic scaffold assembly and 
transsynaptic signaling appear to be 
mutually dependent and concomitant. 
They might collectively establish 
a checkpoint for the maturation of 
initial, unstable assemblies into stable 
synapses. Effective oligomerization of 
SYD-2/liprin-a via its amino-terminal 
coiled-coil domains after overcoming 
an intramolecular blockade executed 
by the carboxy-terminal SAM 
domains is a candidate process for 
driving the early scaffold through this 
critical phase. Cooperative sensing of cytoplasmic and transsynaptic 
machinery might serve as a safety 
mechanism, for example, blocking 
precocious or truly erratic assembly. 
There are probably additional signals 
and proteins both positively and 
negatively feeding into these early 
assembly processes which remain to 
be discovered.  
Despite the chance of an ultimately 
convergent understanding of 
mesoscale (40–100 nm) synapse 
architectures among species, there 
are also obvious differences in 
the molecular function of synapse 
assembly components. Mammalian 
mSYD1A, for example, structurally 
lacks the PDZ domain conserved 
within the carboxy-terminal regions 
of C. elegans and Drosophila SYD-
1 which bind to neurexin. However, 
mSYD1A function critically depends 
on an amino-terminal intrinsically 
disordered domain, which interacts 
with NSEC1/MUNC18-1, a soluble protein that is essential for synaptic 
transmission and operates via the 
SNARE complex. In contrast to 
invertebrates, mSYD1A knockout 
mice have normal active zone 
numbers, while synaptic transmission 
is impaired due to a reduced number 
of docked synaptic vesicles at the 
active zone. That said, a second 
syd locus is present in mammals, 
and double knockout analysis will 
ultimately be needed to reveal its 
function. 
Recently, Bassoon and Piccolo, two 
high molecular weight components 
of the vertebrate active zone scaffold 
that are distantly related to RIM, 
were implicated in the structural 
maintenance of active zones. Loss 
of Bassoon and Piccolo was shown 
to lead to the aberrant degradation 
of multiple presynaptic proteins, 
culminating in synapse degeneration. 
This phenotype is mediated in part 
by the E3 ubiquitin ligase Siah1, an 
Current Biology Vol 24 No 22
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Piccolo, whose activity is negatively 
regulated by their conserved zinc 
finger domains. Thus, Bassoon 
and Piccolo might also operate as 
critical regulators of presynaptic 
ubiquitination and proteostasis. 
Current challenges and outlook 
Although many relevant factors and 
instructive cues have been identified, 
our understanding of synapse 
formation remains incomplete. In 
order to define new directions of 
research, it is necessary to become 
aware of the methodological 
problems of the experimental 
strategies and techniques currently 
used. Notably, reconstituted systems 
that recapitulate the delicate controls 
regulating synaptogenesis in vivo 
are, to the best of our knowledge, 
not currently available. The physical 
nature of many proteins involved — 
large proteins which often contain 
low-complexity regions — has 
unfortunately precluded effective 
X-ray structural analysis. Moreover, 
it has not yet been possible to 
analyze larger complexes by using 
cryo-electron microscopy. However, 
super-resolution light microscopy, 
e.g. stimulated emission depletion 
microscopy (STED), has proven to 
be an especially valuable technique 
to allow the mapping of protein 
epitopes, at least in mesoscopic 
scales of about 40–100 nm. These 
analyses allow us to understand how 
ensembles of scaffold components 
are oriented and how they shape 
the local architecture to support 
Ca2+ channel tethering and synaptic 
vesicle release bays. 
It is noteworthy that initiation of 
synapse assembly is considered 
to be followed by a sequence of 
maturation steps, reorganizing the 
active zone scaffold to switch from a 
loose microdomain coupling to a tight 
nanodomain coupling between Ca2+ 
channels and synaptic vesicle Ca2+ 
sensors. Clearly, we need to achieve 
a more holistic view of assembly 
initiation and maturation, for example, 
by simultaneous covisualization 
of several components with 
high resolution. Here, stochastic 
high-resolution microscopy, e.g. 
stochastic optical reconstruction 
microscopy (STORM) should allow 
for the assessment of exact protein 
numbers and stoichiometries at the 
synapse. Knowledge concerning the principal orientation and number of 
scaffold proteins might soon provide 
a basis for the integration of scaffold 
architectures into quantitative 
modeling of synaptic release function. 
The sheer variety of proteins 
and pathways implicated in 
synaptogenesis and the apparent 
redundancy between different 
pathways present more challenges 
for the investigator. Elimination of one 
pathway might be counterbalanced 
or ‘compensated’ by another, causing 
only minor defects in synapse 
formation and making it extremely 
difficult to define a fixed set of 
proteins required for initial assembly. 
Recently, chromophore-assisted 
acute inactivation in combination with 
electrophysiological or ultrastructural 
analyses has been used successfully 
to overcome this challenge. 
Moreover, direct in vivo imaging 
of synapse assembly combined 
with fluorescence recovery after 
photobleaching (FRAP) analysis is 
helpful, as it allows the measurement 
of protein entry and exit rates into 
assembling synapses and, thus, can 
sensitively uncover changes in protein 
trafficking. In vivo imaging of larval 
neuromuscular synapses, for example, 
showed an increased mobility of 
neurexin in the absence of SYD-
1, implying a role for cytoplasmic 
scaffolds in transsynaptic signaling. 
In addition, detailed biophysical 
analyses, such as Ca2+ uncaging 
to measure the Ca2+ dependence 
of release, are technically difficult 
at these synapses. Other model 
synapses where biophysical methods 
are more sophisticated suffer from 
less flexible genetic approaches and 
currently lack the advantages of live 
imaging at this level. The future lies in 
the extensive exchange of concepts 
and methodology between models. 
Undoubtedly, the insights that 
will be gained from research in 
future years will further improve our 
understanding of how the specific 
release site architecture regulates 
and supports rapid synaptic vesicle 
fusion and the coupling of fusion 
to subsequent vesicle endocytosis. 
That said, interdisciplinary molecular 
and biophysical analyses as well as 
computational modeling studies will be 
crucial to understand how the complex 
nano-architectures at synapses 
control neurotransmitter release. Thus, 
despite the award of the 2013 Nobel 
Prize for work on the synaptic release machinery, the journey has only just 
begun. 
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